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INTRODUCTION
The demand for water use by domestic, industrial, energy, leisure, fishing and agricultural sectors is increasing. Considering the different uses the highest volume is demanded by agricultural practices such as irrigation. Nevertheless it is important to highlight that food and bioenergy demand is also increasing and water use efficiency in agricultural systems must be improved by using the most appropriate irrigation method and water management. The subsurface drip irrigation system contributes to water savings, maintaining or even increasing the agricultural production as compared to other irrigation methods (Kandelous & Šimůnek, 2010) and allows the nutrient application by fertigation at the right time and place, increasing the nutrient uptake efficiency and reducing its losses by leaching.
Irrigation has become an interesting cultural practice to improve crop yield and sustainability in adequate and marginal sugarcane growing areas. The knowledge of root system distribution is fundamental to understand water and nutrient uptake (Smith et al., 2005) , to improve water management and also to provide data for crop yield forecasting models. Concerning water management, there are two important parameters: fine root length or root surface area (van Noordwijk, 1993) and the effective rooting depth (ERD) . Irrigation studies in Brazil usually consider ERD as the depth in which 80% of the fine roots are found (Cunha et al., 2010) . ERD is an essential parameter to determine soil water availability and then water management in crop systems (Allen et al., 1998) .
As compared to canopy traits, there is still few data about root systems and this lack of information is mainly due to the methodological difficulties related to root data sampling (Muñoz-Romero et al., 2010) . In addition, the variability of soil physical, chemical and biological properties may result in variable information about root system distribution (van Noordwijk, 1993; Vasconcelos et al., 2003) . In fact, roots have high plasticity, changing their form and size when varying soil conditions (Smith et al., 2005) . For example, distribution of sugarcane root system was strongly affected by water supply throughout the crop cycle (Laclau & Laclau, 2009 ). As root distribution and quantity are genotype-and environmental-dependents, choosing the best irrigation and fertigation practices on sugarcane crop is not an easy task and they should be evaluated in each growing condition (Smith et al., 2005) .
Data about sugarcane root system growth and distribution are still scarce and most of data was reported a long time ago, with sugarcane cultivars that are not cultivated extensively nowadays (Smith et al., 2005) . In Brazil, there are few studies about sugarcane root system (Otto et al., 2009; Vasconcelos et al., 2003) . When considering samplings along the crop cycle, the data is even scarcer. Azevedo et al. (2011) have tested the root intersection counting combined with the soil core-sampling method in three sugarcane growth stages, whereas Laclau & Laclau (2009) have used the intersection counting method at the end of crop cycle and used the soil core-sampling method to assess the root development along the cycle in six growth stages. Unfortunately, there is no recent data about the assessment of sugarcane root system using non-destructive methods, such as minirhizotrons, which allow the monitoring of root growth along the crop cycle under field conditions. In fact, the only study with minirhizotron in sugarcane crop was carried out by Ball-Coelho et al. (1992) under rainfed conditions.
To improve our understanding about sugarcane root dynamics under field conditions, the aim of this study was to evaluate root growth and distribution in soil profile of three sugarcane cultivars fertigated by subsurface drip system.
MATERIALS AND METHODS

Site
The study was carried out in Campinas (SP), Brazil (22º54'S, 47º05'W and 669 m a.s.l.), where the average air temperature during 1890 to 2010 varied from 23.8 °C in February to 17.8 °C in July and the average annual rainfall was 1398 mm. The rainfall is not well distributed along the year with humid season during the summer and dry season in the winter (Blain, 2009 ). The air temperature and rainfall were monitored with an automatic weather station installed at 100 m from the experimental area.
The soil was classified as Latossolo Vermelho eutrófico (EMBRAPA, 2013) . It is well drained and clay content ranges from 400 to 510 g kg -1 until 0.8 m depth (Table 1) . The soil bulk density was sampled at depths of 0.1, 0.2, 0.3, 0.4, 0.6 and 0.8 m, with two replicates per depth. The critical bulk density based on the least limiting water range (BDc-LLWR) and on observed root and/or yield restriction in the field (BDc-Rest) were both calculated according to Reichert et al. (2009) using the soil clay content. A soil penetrometer device (Stolf et al., 1983 ) was used to evaluate the soil penetration resistance (PR), with six replications per cultivar. Soil chemical analysis was performed at January 2013 with one soil sample composed by ten sub-samples collected with auger sampling in seven depths: 0.1, 0.2, 0.3, 0.4, 0.6, 0.8 and 1.0 m in each cultivar area.
Sugarcane cultivars
The sugarcane cultivars (Saccharum spp.) evaluated were IACSP94-2094, IACSP94-2101 and SP79-1011. While IACSP94-2101 is responsive to nutrient and water availability, IACSP94-2094 and SP79-1011 are unresponsive (Landell & Bressiani, 2008) . Sugarcane field was arranged in 20 planting rows with 30 m long each and spaced 1.5 m aside, totaling 900 m 2 per cultivar. Sugarcane planting was done in May 2010, with approximately 18 gems per meter at a depth of 0.25 m. The first and second harvests were obtained in December 2011 and October 2012 and the experimental period was from October 2012 to May 2013, with five evaluation times until 205 days during the second ratoon (DAR), which was the last evaluation date.
Irrigation and fertigation
Irrigation was applied by subsurface drip system from December 2012. The irrigation system was installed during planting at a depth of 0.2 m. The nominal flow rate of the emitters was 1.6 L h -1 and they were spaced 0.5 m aside. The irrigation management was based on soil moisture evaluated with the capacitance probe model Diviner-2000 (Sentek Sensor Technologies, Stepney, Australia). For this management three access tubes with internal diameter of 0.051 m were installed until 1.25 m depth in each cultivar area. Soil moisture was estimated every 0.1 m until 1.0 m depth. Daily irrigation was done to replace soil water and reach the upper limit of soil water retention capacity. The total amount of phosphorus and 40% of nitrogen and potassium requirements were applied after the second harvest as solid fertilizers. The remaining of N and K was applied weekly by fertigation as KCl and Ca(NO 3 ) 2 , between 161 and 315 DAR. 
Analysis of root system
Considering the need for reducing time, labor and cost of the traditional methods of root analysis, the minirhizotron technique is an alternative method for evaluating root development (Muñoz-Romero et al., 2010) . This method is based on the visualization of root growth in soil profile by catching pictures or videos through a transparent interface. As a non-destructive method, it allows the monitoring of root growth many times in a same spot (Dannoura et al., 2008; Kirkham et al., 1998) .
Three access tubes with 1.05 m length were installed in each cultivar area. To avoid light and water entering tube tops were covered with dark plastic. The images were caught with Root Scanner CI-600™ (CID Bio-Science Inc., Camas, WA, USA) in five assessments: 38, 58, 123, 185 and 205 DAR. Four images per access tube representing 0.2 m depth each were obtained, resulting in 0.0-0.8 m depth analysis. The images were analyzed with the software RootSnap!™ version 1.2.8.23 (CID Bio-Science Inc., Camas, WA, USA). The root length (L) was initially obtained and then the cumulative root density (L A ) was estimated as L normalized by the 422.3 cm 2 sampling area of each window (Box, 1993; Smit et al., 2000) , totaling 0,16892 m 2 per access tube. The total amount of roots was estimated in each sample site and then the relative distribution in soil profile was calculated. The root growth rate was obtained by considering the L A increase between two consecutive samplings and the time (days) between samplings.
It was calculated the L A standard error (s.e.) for each cultivar and each soil layer and it was adjusted an exponential equation using the CurveExpert software version 1.4 (Hyams, 2009 ).
RESULTS AND DISCUSSION
Environmental conditions
The cumulative rainfall and irrigation during the experimental period (from October 2012 to May 2013) were 905.5 mm and 315 mm, respectively (Figure 1 ). The mean daily air temperature ranged from 17 to 29 °C (Figure 1 ). According to Liu et al. (1998) , there is variation in estimates for sugarcane base temperature depending of phonological stage and also among cultivars. However, it has been stated that temperatures above 18 °C do not restrict the sugarcane development. Thus, during the experimental period, lower temperature values were only observed in few days.
The soil bulk density increased from 1.48 Mg m -3 in the upper soil layer to 1.63 g cm -3 at 0.2 m and then decreased, reaching 1.21 Mg m -3 at 0.8 m depth (Figure 2 ). The 0.2 and 0.3 m depth layers presented higher values for soil bulk density than the calculated BDc-LLWR and BDc-Rest ( Figure 2 ), which could result in possible restriction to root growth.
The highest soil penetration resistance (PR) was measured at the depth of 0.3 m (Figure 3a) , slightly below the depth of higher soil bulk density (Figure 2) , where soil water content was higher due to its proximity to the emitter (Figure 3b ). Considering the critical PR of 2 MPa in which root growth may decline (Baquero et al., 2012; Sojka et al., 1990) , we have additional evidence that soil conditions likely limited root growth. The maximum PR value observed was 2.91 MPa in IACSP94-2101 area, with the soil layer 0.2-0.7 m showing values higher than 2.0 MPa. The other two areas cultivated with SP79-1011 and IACSP94-2094 had PR higher than 2.0 MPa in soil layer 0.2-0.6 m and 0.1-0.4 m, respectively (Figure 3a) . The soil base saturation was higher than 60% and the minimum pH (CaCl 2 ) was 4.5 up to 0.4 m depth (Table 2) . These values were not limiting to sugarcane crop in the State of Sao Paulo, Brazil Quaggio & van Raij (2008) and van Raij et al. (1996) have stated that sugarcane is more tolerant to aluminum toxicity and soil acidity than other Poaceae plants. Soil Ca and Mg content reduced with depth (Table 2) ; however, their values were higher than the recommendation for sugarcane (van Raij et al., 1996) . However, soil P, K and organic matter contents below 0.3 m soil depth were low when considering the standard values, 13 mg kg -1 for P and 1.6 mmolc dm -3 for K (van Raij et al., 1996) .
Cumulative root density
The highest L A values were obtained in IACSP94-2101, followed by SP79-1011, and IACSP94-2094 ( Figure 4) . L A increased until 185 DAR in IACSP94-2101 and SP79-1011, remaining around 12.9 and 7.5 mm cm -2 afterwards respectively (Figures 4a,b) . Interestingly, IACSP94-2094 showed an increasing L A trend until 205 DAR, reaching maximum L A of 3.6 mm cm -2 (Figures 4c) . In all cultivars, high L A was found at 0.0-0.2 m soil layer, which is in agreement with high nutrient availability as presented by soil chemical analysis (Table 2 ). In fact, the highest Ca and P availability occurred up to 0.2 m depth, favoring sugarcane root growth in this soil layer. When comparing to the other cultivars, IACSP94-2101 presented higher L A value even with low soil P availability in soil layers below 0.3 m depth (Figure 4 ; Table 2 ).
The total root length observed around the access tube was 10.8, 5.9 and 2.5 m up to 0.8 m depth for IACSP94-2101, SP79-1011 and IACSP94-2094, respectively ( Figure 5) . Such values represent a large root length considering minirhizotrons with small area of observation (0.16892 m 2 ). L A decreased as depth increased, following an exponential shape (Smith et al., 2005) . In fact, the adopted cultivars showed an accurate adjust to exponential fitting (Table 3) . According to the equation parameters, it could be observed that the main difference between the equations is the "a" coefficient, which value is higher for IACSP94-2101 and lower to IACSP94-2094. The L A value will be higher as the "a" coefficient increases, since they are directly proportional. The Z parameter, which represents the depth in the soil profile, is in the equation exponent, which it indicates that L A will decrease exponentially with depth. As well as Z, the "b" coefficient in the exponent means that L A is expected to decrease exponentially with the decrease of the "b" coefficient. Thus, comparing the "a" and "b" coefficients, it was observed higher "a" and "b" values for IACSP94-2101, indicating that this cultivar had higher L A values and the exponential decrease of L A values, considering the same Z value, was less pronounced than the other cultivars.
Considering the use of minirhizotron method to evaluate sugarcane root system under field conditions, Ball-Coelho et al. (1992) estimated a mean value of 2.7 m m -2 up to 1.5 m depth. These values are lower than it was observed in our study, but it is important to highlight that Ball-Coelho et al. (1992) considered the mean value up to 1.5 m depth and the tube used had a different shape.
Although Azevedo et al. (2011) , Laclau & Laclau (2009 ), Otto et al. (2009 ) and Vasconcelos et al. (2003 have studied sugarcane root system, they used other methods, which difficult the comparison based on the value itself. However, all of them reported large variability for root evaluations such as root mass and length. High variability in L A was also observed herein, based on the standard error of the mean (Figure 4) , especially in the early growth stage and in deeper layers.
As root growth is dependent on cultivar, soil biologicalphysical-chemical status, crop management (Vasconcelos et al., 2003) and also soil water availability (Laclau & Laclau, 2009; Smith et al., 2005) , studies about root dynamics must be done in different growing conditions and using the same method to improve our understanding about sugarcane root system.
Root distribution and effective rooting depth
As a perennial crop, sugarcane root distribution increases in the upper soil layers at later growth stages (Gascho & Shih, 1983) and this pattern of response was verified herein (Figure 4 , Table 4 ). The minirhizotron method allowed the observation of changes in root distribution and even in the effective rooting depth (Table 4 ). Understanding the root distribution along the crop cycle could provide useful information for water management based on the phenological crop stage. As irrigation depth is adjusted in according to the ERD, this parameter is especially important to water management. The knowledge about ERD variation along the crop cycle could be especially useful for supplementary irrigations. Cultivars with higher ERD exploit larger soil volume and hence they could have higher soil available water.
Higher ERD also enables better use of rainfall.
Most of roots in all three cultivars were found at the first 0.2 m soil layer, reaching more than 50% at 205 DAR. If the depth of 0.4 m is considered, more than 80% of the root system was found (Table 4 ). Therefore, the effective rooting depth (ERD) was 0.4 m in all cultivars at 205 DAR, which is in accordance to Landell et al. (2005) . An interesting finding is that IACSP94-2094 has varied its ERD during the cycle, from 0.6 m at 58 DAR to 0.4 m at 123 DAR (Table 4 ). Soil water content was also higher at the upper soil layers (Figure 3) , which also affect the pattern of root distribution (Laclau & Laclau, 2009; Smith et al., 2005) .
The conversion of L A values to percentage values not only allows the ERD determination but also the comparison with other studies. Otto et al. (2009) have also found 65% of root mass in the first 0.2 m soil layer when evaluating the cultivar SP81-3250. Similar results were reported by Vasconcelos et al. (2003) , with 52% of root mass in the superficial soil layer. Both studies were carried out without irrigation, but only Otto et al. (2009) have reported more than 80% of root mass up to 0.4 m depth. Despite of not showing the relative values, Azevedo et al. (2011) and Laclau & Laclau (2009) also found higher root density up to 0.4 m depth. Typical values for sugarcane root mass up to 0.2 and 0.6 m depth are 50% and 85%, respectively (Smith et al., 2005) .
Our results indicate that root distribution tend to be higher than 50% up to 0.2 m depth and more than 80% of total root system up to 0.4 m depth under subsurface drip fertigation. The knowledge of root growth and distribution are important parameters to improve the water and nutrient management and hence the use efficiency of these inputs, especially when using subsurface drip fertigation system. In addition, root growth and distribution are relevant parameters for models to forecasting production.
Root growth
The highest root growth rates occurred between 38 and 58 DAR, with IACSP94-2101 also showing high growth rates between 0 and 38 DAR (Figure 6a ). It was observed root growth variation in soil profile, with growth rate decreasing with increasing in soil depth ( Figure 6 ). The maximum root growth rate was 82 mm day -1 in IACSP94-2101 at the 0.2-0.4 m soil layer, which was similar to that one reported by Smith et al. (2005) , i.e., 80 mm day -1 . The highest growth rates occurred when air temperature varied between 25.0 and 27.9 °C and there was water availability (Figure 1 ). This period coincided with the intense tillering phenological stage, when vigorous root growth is required to support subsequent tiller growth (Vasconcelos & Casagrande, 2008) . Laclau & Laclau (2009) reported low initial root growth rates (up to 5.3 mm day -1 ), which increased to 17.5 mm day -1 in irrigated plants. Smit & Groenwold (2005) have shown different rates of downward root movement among several crops, with grasses showing the lowest ones about 20 mm day -1 .
While IACSP94-2094 had root growth rate of 7.4 mm day -1 at the upper soil layer, IACSP94-2101 presented growth rates higher than 25 mm day -1 (Figure 6b ). Then, our data revealed a large genotypic variation in root growth in commercial sugarcane cultivars (Figure 6b ). As growth rates of IACSP94-2101 were similar to those ones reported (2005), we may argue that SP79-1011 and IACSP94-2094 presented smaller root growth in ratoon crop. This trait may be associated with its unresponsiveness to favorable environmental conditions (Landell & Bressiani, 2008) , suggesting a conservative strategy of resource use. The higher growth rates presented by IACSP94-2101 could be related to its fast initial vegetative growth and high yield (Landell & Bressiani, 2008) .
Understanding the root growth rates along the crop cycle provides information about the phenological stage in which the higher root growth rate was observed. Thus, this information could be useful for irrigation and nutrition management purposes aiming to avoid potential restrictions related to the high growth demand.
CONCLUSION
The highest cumulative root densities (L A ) and root growth rates were found up to 0.4 m soil layer for all cultivars. Root growth varied during crop cycle, with the highest values being found between 38 and 58 days after ratoon. There was a genotypic variation in root growth, with IACSP94-2101 showing the highest L A of 12.9 mm cm -2 . The effective rooting depth varied during crop cycle for IACSP94-2094, but all cultivars presented an effective depth of 0.4 m under subsurface drip fertigation. Dannoura, M., Kominami, Y., Oguma, H., & Kanazawa, Y. (2008) . The development of an optical scanner method for observation of plant root dynamics. Plant Root, 2, 14-18. http://dx.doi.org/10.3117/ plantroot.2.14.
